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Summary
Background Maintaining effective contact tracing to control COVID-19 is challenging. Rapid growth in the number
of infected cases can overload tracing and testing capacity, resulting in failure to trace contacts and delays in confirm-
ing an infection until after symptom onset (confirmation delay), hence increasing transmissibility. A substantial out-
break in Hong Kong, which was suppressed with non-pharmaceutical interventions (NPIs), provided an opportunity
to assess the impact of overloading contact tracing and of efforts to improve its efficiency.

MethodsUsing epidemiological-link (epi-link) data, we calculated the probability and duration of confirmation delay
for cases with and without an epi-link, among all 3,148 confirmed cases between 5 July and 15 August 2020. Logistic
regression was performed to determine the relationship between the number of recently confirmed infections and
the probability of confirmation delay for epi-linked (contact-traced) cases. We estimated the impact on this relation-
ship of targeted testing of at-risk groups.

Findings The probability and duration of confirmation delay were associated with the rise in daily case number dur-
ing growth of the outbreak. The proportion with confirmation delay among contact-traced cases increased from
about 60% to nearly 85% as the number of cases grew from 1 to 50 per day (p-value = 0.003). The subsequent intro-
duction of testing services for at-risk groups substantially reduced the proportion and it did not approach 85% again
until the daily number of cases exceeded 125. This 2.5-fold improvement in capacity contributed crucially to suppres-
sion of the outbreak.

Interpretation The number of recently confirmed infections is an indicator of the load on the contact-tracing sys-
tem, the consequence of which can be assessed by the probability of confirmation delay. Measures to monitor and
improve contact-tracing efficiency, alongside social distancing interventions, can enable outbreaks to be controlled
without lockdown.

Funding City University of Hong Kong and Health and Medical Research Fund.

Copyright � 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)
Introduction
Although there is now real hope that vaccination will
eventually terminate the COVID-19 pandemic, new out-
breaks are likely to occur, perhaps for many years.
Knowing how best to control outbreaks with non-
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pharmaceutical interventions (NPIs) is critically impor-
tant, in order to avoid damaging lockdowns.

Alongside social distancing measures, maintaining
or increasing the efficiency of contact tracing and test-
ing plays a crucial role in constraining the spread of
infection.1−3 However, rapid growth in the number of
infected cases during expansion of an outbreak can
overwhelm contact-tracing capacity,4 which might
reduce efficiency. Prolonging the time taken for tracing
and testing will increase the probability of confirmation
being delayed until after symptom onset (confirmation
delay). If the cases are isolated after confirmation, this
1
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Research in context

Evidence before this study

We searched PubMed, bioRxiv, and medRxiv for articles
published from 1 January, 2020 to 31 March, 2021, with
the following keywords: (“2019-nCoV” OR “COVID-19”
OR “SARS-CoV-2”) AND (“contact-tracing efficiency” or
”effectiveness of contact tracing” or ”confirmation
delay” or “isolation delay”). 7 recent population-level
modelling or simulation studies of COVID-19 have dem-
onstrated theoretically the value of minimizing confir-
mation delay. However, no previous observational
study has documented a change in the probability and
duration of confirmation delay associated with an
increase in number of cases, or determined to what
extent different approaches of tracing and testing can
mitigate such effects.

Added value of this study

We present the dynamics of the proportion of COVID-19
cases that were traced and of delays in confirmation
during a substantial outbreak that was suppressed by
NPIs without lockdown. We found that: i) restoring
social distancing measures without maintaining tracing
and testing efficiency was not enough to prevent
growth of the outbreak; ii) a rise in number of daily
cases increased the probability of confirmation delay
among contact-traced cases; iii) testing at-risk groups
reduced the probability and the duration of confirma-
tion delay among contact-traced cases.

Implications of all the available evidence

Our results demonstrate the importance of efficient
contact tracing and testing for the control of outbreaks.
Monitoring the proportion of cases with an epi-link, the
fraction with confirmation delay and the distribution of
delay provides a measure of efficiency. Targeted testing
of at-risk groups can be highly effective in improving
efficiency. An agile and efficient contact-tracing system,
combined with selective strengthening of social dis-
tancing measures, has been shown to be capable of
suppressing a substantial outbreak without radical
lockdown.
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delay is also called onset-to-isolation delay.1 Longer
delay leads to higher transmissibility,1,2,5 so it is impor-
tant to identify interventions that can reduce confirma-
tion delay. Change in load on the contact-tracing
system, which depends on the number of recently con-
firmed cases, must therefore be considered. This
demands a better understanding of the relationship
between the dynamics of outbreaks and confirmation
delay.6,7

The so called ‘third wave’ in Hong Kong is one of the
few examples of a significant national outbreak of
COVID-19 that has been brought under control without
a full lockdown. Observational data from this outbreak
provide an opportunity to ask whether NPIs contributed
significantly to moderating confirmation delay.

The trigger for the third wave has been attributed to
imported cases that were exempted from quarantine
(such as aircrew and sailors) mainly from Asian coun-
tries,8−10 the impact of which was exacerbated by sub-
stantial relaxations of social distancing measures. After
21 consecutive days without a single local case, the pri-
mary/index case for the third wave occurred on 5 July
2020.

During the outbreak, efforts were made to trace and
test the close contacts of infected patients. When con-
tact-traced cases (including backward-traced) were con-
firmed, they were isolated in hospital and reported with
the label ‘epi-link’ (epidemiological link), indicating that
their contact sources had been successfully identified.
Even though social distancing measures were strength-
ened, an alarming surge led to more than 2,000 local
cases within a month (in a population of about 7.5 mil-
lion), many of which could not be linked to an infection
source.

Faced with a growing number of cases that could not
be traced, the Hong Kong government initiated a
‘targeted group testing scheme’ for certain high-risk
individuals.11 Within a few weeks, the outbreak was suc-
cessfully controlled. It is important to know whether tar-
geted testing restored contact-tracing efficiency, reduced
confirmation delay and hence helped to suppress the
outbreak.

The present study of observational data from the
third wave was aimed at exploring the relationship
between the dynamics of transmission and confirma-
tion delay, in relation to the NPIs that were deployed.
These results have informed our comprehensive model-
ling of the outbreak and quantitative assessment of the
impact of each NPI.12
Materials & methods

Data sources
We retrieved the dates of symptom onset and confirma-
tion for each newly imported and local case of COVID-
19 between 17 June and 15 August 2020 from the Hong
Kong Centre for Health Protection.13 Transmission clus-
ters were classified as restaurants, housing estates,
shopping areas, and workplaces. We collected the daily
number of total passengers from the Hong Kong Immi-
gration Department14 during the study period. The
number of visitors who were exempted from compul-
sory quarantine was acquired from records of medical
surveillance orders for quarantine-waived travellers
issued by the Department of Health.
Estimating effects of targeted group testing
A logistic regression model, with a quasi-binomial dis-
tribution to deal with overdispersion, was used to
www.thelancet.com Vol 20 Month March, 2022



Articles
estimate the effects of targeted group testing on the
delay in confirmation. We calculated the probability of
having such delay among contact-traced cases, given the
number of recently confirmed cases:

Yt »Quasi BinomialðmtÞ ð1Þ

log
mt

1� mt

� �
¼ aþ b� Casest þ g � ðCasest ¢DtÞ ð2Þ

where Yt is the observed proportion of confirmation
delay among contact-traced cases at day t, distributed
with the expected probability of confirmation delay mt .
Quasi-binomial model was used to model the overdis-

persed Binomial data. log mt
1�mt

� �
is the logit of the proba-

bility. a is the intercept and b is the regression
coefficient. Casest is the average daily number of cases
reported in the current 7-day period, centered at day t
(chosen to refer to the time interval of one genera-
tion in an outbreak15). Dt is a dummy variable used
to account for the status without (D ¼ 0) or with an
intervention (D ¼ 1). g is the regression coefficient
that changes the slope of the relationship between Cas
es and the response when the intervention is used.
The baseline probability of confirmation delay (when
the average daily number of case is approaching zero)
is assumed to be the same without and with the inter-
vention.
Determining capacity before and after an intervention
The maximum average daily number of cases
(MaxCases) that can be tolerated before the probability
of confirmation delay exceeds a particular value indi-
cates the capacity of tracing and testing for that thresh-
old. After the intervention is implemented, the
maximum daily number that can be tolerated before the
same threshold is exceeded can be derived by letting
b�MaxCases ¼ ðbþ gÞMaxCasesI, where the super-
script I indicates the period after the intervention has
been introduced. If the intervention reduces the odds of
confirmation delay, g will be negative. The maximum
number is increased by the ratio:

MaxCasesI

MaxCases
¼ b

ðbþ gÞ ð3Þ

when g is negative. A larger ratio indicates that the sys-
tem is more robust in maintaining efficiency against
changes in load.
Role of the funding source
The sponsor of the study had no role in study
design, data collection, data analysis, data interpre-
tation, or writing of the report. The corresponding
author had full access to all the data in the study
and had final responsibility for the decision to sub-
mit for publication.
www.thelancet.com Vol 20 Month March, 2022
Results
After a period without local infections, social distancing
measures were relaxed, as follows:

� Relaxation 1 (R1), from 19 June 2020. The maxi-
mum number permitted to gather in public places
was increased from 8 to 50.16

� Relaxation 2 (R2), from 2 July 2020. The maximum
in places of entertainment was raised from 50% to
80% of capacity.17

The primary/index case was reported on 5 July 2020.
Daily numbers of local cases rose gradually until 15 July,
and then more rapidly to 30 July. After a decrease in the
rate of growth, from 22 to 30 July, numbers started to
fall. The third wave can be considered in four epidemic
phases: initial (5 July - 15 July), growing (15 July - 22
July), plateau (22 July - 30 July) and declining (30 July -
16 August) (Figure 1A).

The outbreak was likely seeded by undetected
imported cases,8−10 estimated to have been about one
per day, among visitors exempted from quarantine (see
Figure S1 and Supplementary Material), and then
ignited by transmission clusters (Figure 2). During the
initial phase, cases were mainly associated with seven
large clusters (defined as ten or more cases with an epi-
link to the same infection source), identified by contact
tracing and investigation (Figures 1A, 2 A).

Social distancing measures were tightened in four
steps from 11 July until 29 July:

� Tightening 1 (T1), from 11 July. The maximum
number per table in catering premises was reduced
to 8 and the maximum in places of entertainment
was reduced from 80% to 60% of capacity.18

� Tightening 2 (T2), from 15 July. Numbers gathering
in public places and at restaurant tables were
reduced to 4. The maximum in places of entertain-
ment was reduced to 50% of capacity.19

� Tightening 3 (T3), from 23 July. Mandatory mask-
wearing was extended from public transport to all
indoor public places.20

� Tightening 4 (T4), from 29 July. The maximum
gathering number was reduced from 4 to 2 and
evening service in restaurants was banned.21

After 11 July, mobility, i.e. the number of visits and
time spent in places of retail & recreation and in public
transportation stations, started to decrease (Table S1,
Figure S2). Despite the introduction of social distancing
measures (T1 + T2) that were stricter than before relaxa-
tion (Table S1), and notwithstanding this lower mobility,
the daily number of confirmed cases increased rapidly
from 15 to 22 July (Figure 1A). The effect of social dis-
tancing measures may not be clearly observed immedi-
ately due to confirmation delay. During this period,
3



Figure 1. (A) Number of confirmed cases per day during the third wave, starting with the first reported case on 5 July. Numbers are
plotted separately for Imported cases (blue); Clustered local cases, defined as cases from clusters of 10 or more linked to the same
infection source (orange); Sporadic local cases, without an epi-link or from clusters of fewer than 10 cases (dark red); and Total local
cases (green). Four epidemic phases are defined: Initial (5 July - 15 July), Growing (15 July - 22 July), Plateau (22 July - 30 July) and
Declining (30 July - 15 August). (B) Daily confirmed local cases plotted separately for individuals with an epi-link to an earlier case
(blue) and those without an epi-link (dark red). Arrows above the graphs indicate the dates of introduction of NPIs (for abbreviations
see main text). Targeted group testing (TT) is shown at 17 July, because that is the launch date for the major component of this
scheme (see text).
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numbers associated with major transmission clusters
remained fairly constant and the surge predomi-
nantly involved ‘sporadic’ cases, defined as individual
cases without an epi-link (i.e. not identified by con-
tact tracing) or associated with small linked groups
(�10 per cluster).

After an inflection on 22 July, daily numbers became
fairly steady for more than a week. Following estab-
lished conventions,22 we call this phase a ’plateau’.
However, numbers did continue to increase slowly, and
the highest daily number (145 local cases, including 128
sporadic cases) occurred on 30 July. During this period,
social distancing was further strengthened (T3 and T4).
Mobility continued to decrease until the end of July
(Figure S2). Thereafter, daily numbers fell from 30 July
to 15 August, followed by low numbers for a few more
weeks (around 20 per day). The strengthening of social
distancing must have contributed to this success, but
here we focus on understanding the role of contact trac-
ing and testing.
Inefficiency of contact tracing during the outbreak
expansion
The capacity of any contact-tracing system is likely to be
challenged by a sudden surge in infected cases. The pro-
portion of cases that are successfully traced (with an epi-
link) has been taken as an indicator of contact-tracing
efficiency.1,23,24 Late in the initial phase of the third
wave and throughout the growing phase, the proportion
without an epi-link (a measure of contact-tracing ineffi-
ciency) rose from less than 30% to about 50%
(Figures 1B, 3A). For traced cases, the fraction with con-
firmation delay also rose, from below 80% (73% on aver-
age) during the initial phase to about 90% during the
growing phase (Figure 3A,C). The average duration of
confirmation delay for both epi-linked and unlinked
cases also increased before the plateau (Figure 3B).
These results indicate that contact-tracing efficiency
became worse as case number rose rapidly.

To understand how confirmation delay changed
within major transmission clusters during outbreak
www.thelancet.com Vol 20 Month March, 2022



Figure 2. Evolution of transmission clusters and occurrence of confirmation delay (i.e. infection confirmed after symptom onset). (A)
Daily number of cases of each of the 15 large transmission clusters that emerged before the peak of the outbreak. The different clas-
ses of clusters are shown in different colours (see legend) (B) Percentage of total number of cases with confirmation delay in each
transmission cluster. (C) The temporal trend in confirmation delay among these clusters. The ordinate shows the percentage of cases
with confirmation delay in each cluster. Each point plots the time of appearance of a cluster, in days after the start of the outbreak.
The area of each point is proportional to the total number of cases in the cluster.

Articles
expansion, we examined the proportion of cases with
confirmation delay in each transmission cluster that
appeared before the peak of the outbreak (Figure 2).
The earliest clusters were groups of people living in the
same housing estate (or care-home), or eating at the
same restaurant. A few weeks later, new clusters
appeared in shopping malls and in workplaces. The pro-
portion with confirmation delay was generally lower in
the early clusters in housing estates (Figure 2B), pre-
sumably because the longer time spent in estates and
www.thelancet.com Vol 20 Month March, 2022
the less diversified contact pattern allowed contacts to
be identified and tested more quickly. However, the pro-
portion with confirmation delay grew with the date of
appearance of the housing-estate clusters and was espe-
cially high in Cluster 9, which emerged late in the grow-
ing phase (Figure 2B).

Overall, more of the later clusters showed relatively
severe delay, with >90% of cases having confirmation
delay (Figure 2C). A mixed-effects model of Percentage
with delay ¼ aþ b� Appearance time, taking account
5



Figure 3. Dynamics of indicators of contact tracing inefficiency. (A) Red circles represent the proportion of all cases without an epi-
link and green circles the proportion of contact-traced cases with confirmation delay. Cases before 7 July were ignored because the
small numbers (fewer than 3 per day) led to large variations. NPIs are shown by arrows, as in Figure 1, using abbreviations defined
in the text. (B) Blue and red circles represent the daily mean values of confirmation delay for cases with and without an epi-link,
respectively. The solid curves are sliding averages (5-day window, centred on day 3). (C) Percentage of COVID-19 cases with confir-
mation delay during the four epidemic phases. Green bars represent cases with an epi-link; red bars, cases without an epi-link; and
gray bars, total cases.
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of variability between different types of clusters (i.e.
each cluster considered as a group), revealed an increas-
ing trend of percentage with confirmation delay by
appearance time (regression coefficient = 1.32, p-value =
0.006 using a likelihood ratio test). Again, these results
suggest that the increasing case number overloaded the
capacity of the tracing and testing system.
Improvement of tracing efficiency and reduction of
delay
The proportion of all cases without an epi-link started to
decrease during the plateau phase (Figure 3A). For
those with an epi-link, the proportion with confirmation
delay fell, from 89% during the growing phase to 83%
during the plateau, and to 77%, close to the initial value,
in the declining phase (Figure 3A,C). These trends sug-
gest that the capacity for contact tracing was initially
insufficient to deal with the growing case number, but
that efficiency recovered during the plateau, despite the
continuing increase in numbers.

Two interventions were specifically aimed at improv-
ing the efficiency of contact tracing and testing:

� Targeted Testing (TT), was offered in a series of
phases, each aimed at a specific at-risk group,
regardless of whether they had symptoms 11. This
testing aimed to early identify cases and was imple-
mented along with conventional tracing and testing
(Figures S3, S4). The first, for care-home staff, start-
ing on 14 July, yielded only one positive case. The
main effort began on 17 July with testing of nearly
150,000 taxi drivers and restaurant staff, followed
by property management staff, transport workers,
market staff, residents of estates in which cases had
been discovered, etc. In those phases launched dur-
ing our study period (before 15 August), 76 cases
were discovered from 414,085 tests.25

� Isolation capacity boosting (IB). A community treat-
ment facility was opened at the AsiaWorld-Expo site
on 1 August, when the outbreak was already
declining.26

To verify whether the reduction in probability of con-
firmation delay during the plateau and declining phases
(Figure 3A) was related to improvement in contact trac-
ing, we compared the dynamics of delay during the four
phases of the outbreak. For cases without an epi-link
(mainly individuals who sought diagnosis or testing
after symptom onset), the proportion with confirmation
delay was very high (near 90%) and remained relatively
constant (Figure 3C). For epi-linked cases, the propor-
tion with confirmation delay varied substantially: it
increased during the initial and growing phases and
declined thereafter (Figure 3A,C). Segregated by
whether they formed clusters, the proportions with con-
firmation delay reduced 18.9% in epi-linked cases
www.thelancet.com Vol 20 Month March, 2022
belonging to clusters and 6.1% in epi-linked cases not
belonging to clusters after targeted testing (TT) was
introduced (Figure S5). The proportions increased again
after 22 July for clustered cases, but maintained rela-
tively stable (at least 82%) for non-clustered cases
(Figure S5). The percentages reduced again after the
number of cases declined. Together, these seem likely
to reflect deterioration and then restoration of the effi-
ciency of tracing and testing.

Consistent with this evidence for over-loading and
then recovery of contact tracing, the average duration of
confirmation delay for epi-linked cases also rose during
the growing phase, but decreased during the plateau
(Figure 3B). However, in the early part of the declining
phase (before 8 August), it rose again (Figure 3B),
despite the fact that the overall percentage with delay
continued to decline (Figure 3A). This apparent contra-
diction is explained by the distribution of confirmation
delay, which became distinctly broader, indeed bimodal,
early in the declining phases, with an increase in both
the proportion with very long delays and the fraction
without delay (Figure 4).
Impacts of targeted group testing
The percentage of cases without an epi-link, the propor-
tion of epi-linked cases with confirmation delay, and the
duration of delay for epi-linked cases all began to fall
shortly after the introduction of the targeted group test-
ing scheme (Figure 3A,B). This leads to the hypothesis
that targeted testing reduced confirmation time by
improving tracing efficiency.

To estimate the effects of targeted group testing on
confirmation delay for epi-linked cases, we used a logis-
tic regression to compare the relationship between con-
firmation delay and the number of recently confirmed
cases, before and after the introduction of targeted test-
ing (see Methods and Figure 5). In both conditions, the
probability of confirmation delay increased with case
number from the same baseline (54%), but at a much
lower rate after the introduction of targeted testing.

We also investigated whether other factors should be
incorporated in our model (see Supplementary Methods
and Figure S6). It is possible that more people were
worried after more transmission clusters formed. How-
ever, we found that risk perception was not correlated to
the delay among cases in the clusters. In comparison
with the model including daily number of tests (Figure
S7), the current model was the best-fitting model. Noted
that social distancing measures and face mask were not
included in the regression model because they are inde-
pendent of confirmation delay given case numbers. The
effects of these NPIs on transmissibility were investi-
gated in a modelling study.12

When targeted testing was launched in mid-July,
there were about 50 local cases per day (Figure 1A), with
nearly 85% of epi-linked cases having confirmation
7



Figure 4. Distributions of confirmation delay during each epidemic phase. (Data for the declining phase were divided into ‘early’
and ‘late’, i.e. before and after the peak value of average confirmation delay.) Blue bars represent the percentage of epi-linked cases
with confirmation delay, ranging from 0 to 20 days after symptom onset. The very small number of cases with delay > 20 days are
excluded from these histograms because the percentages were too small to be seen. Red bars represent the percentages of epi-
linked cases without confirmation delay. Presumably, most of these cases were tested and confirmed within the 1-3 day pre-symp-
tomatic transmission period 33, but some will have been true asymptomatic cases who had passed the ’normal’ incubation period
without developing obvious symptoms.
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delay (Figure 3A). The relationships revealed in Figure 5
suggest that targeted testing produced a dramatic
decrease in the percentage with delay and, thereafter, a
slower increase with case number. Indeed, Figure 5
shows that the proportion at the time of introduction
(83%) was not reached again until daily case number
Figure 5. Percentage of epi-linked cases with confirmation delay a
week), before (blue) and after (red) the introduction of targeted gr
nates. The lines are predictions from the fitted logistic regression m
ses: log m

1�m

� �
¼ 0:162ð0:31Þ þ 0:03ð0:009ÞCases� 0:018ð0:007ÞCa

values of the regression coefficients of Cases and D (indication of
introduced on a Friday (17 July) but tests were not performed until
day after introduction are included in the ’after TT’ sample. (B) To
cases, the 5-day average of percentage with confirmation delay is p
same fitted functions as in A. Examination of data from after the stu
of targeted testing was maintained. Between 16 and 26 August, th
Deviation (SD) = 16.5), and the mean fraction with confirmation de
number predicted by the red curve above (61.5% (95% Confidence
exceed 125 − a 2.5 times increase in case number pro-
ducing the same proportion. This magnitude of
increase in capacity, derived by Equation 3 (see Meth-
ods), applies for the entire observed range of propor-
tions above about 60%. The actual change in the
percentage with confirmation delay in the period
s a function of the change in daily number of cases (average by
oup testing (TT; see Table 1). (A) Data plotted on linear coordi-
odel with standard errors for estimated coefficients in parenthe-
ses ¢D (see Methods). 95% confidence intervals are displayed. p-
TT) are 0.003 and 0.02. The first major phase of TT was formally
the following week. To be conservative, only data from the fifth
reduce the impact of daily variation in the number of reported
lotted on the ordinate, together with dashed lines showing the
dy period (between 16 and 26 August) suggests that the effect
e daily case number was fairly constant (average 25.8; Standard
lay was 62:2%, extremely close to the percentage for that case
Interval(CI): 50.6 - 72.4%).

www.thelancet.com Vol 20 Month March, 2022



Articles
following TT, seen in Figure 3A, results from an inter-
play between the shift from the functions without to
with targeted testing in Figure 5 and the rapidly rising
total case number seen in Figure 1A.

A similar trend but with larger variance is seen in the
relationship between the proportion of cases without an
epi-link and daily case number, before and after the
introduction of TT (Figure S8).

In summary, during the growing phase, the propor-
tion with confirmation delay increased because of the
growing number of cases. This delay reduced the frac-
tion of cases that could be traced, resulting in a higher
number of sporadic cases. After targeted group testing
was implemented, the proportion with confirmation
delay decreased, and hence more cases could be traced
earlier. Together, with the tightening of social distanc-
ing measures, this increase in contact tracing efficiency
contributed to suppression of the outbreak.
Discussion
If effective contact tracing is essential for the control of
outbreaks of COVID-19,1,2,24,27,28 maintaining effi-
ciency in the face of changing demand is surely critical.
However, no previous report has documented changes
in contact-tracing efficiency throughout a substantial
outbreak that was suppressed by NPIs. An important
conclusion from our study of Hong Kong’s third wave
is that the initial explosion of cases over-burdened the
system of tracing and testing, delaying confirmation of
infection. In a vicious circle, this increased delay led to
reduction in the number of cases that could be traced
and hence amplification of growth of the outbreak,
which further delayed confirmation. During outbreak
expansion, the proportion of all cases without an epi-
link and of contact-traced cases with confirmation delay
both increased rapidly (Figures 1A, 3A), as did the aver-
age duration of confirmation delay (Figure 3B). This
strongly implies that reduction in contact-tracing effi-
ciency exacerbated delays in confirmation and hence
played a part in driving the outbreak.

The probability of confirmation delay was strongly
associated with the rise in daily case number through-
out the outbreak. Defining this ‘efficiency-load
relationship’ in contact tracing gave us the opportunity
to estimate the impact of a specific intervention − tar-
geted group testing. A recent modelling study suggested
that weekly screening of health-care workers and other
high-risk groups, irrespective of symptoms, could
reduce their contribution to transmission.5 Here, we
provide observational evidence that the provision of tar-
geted testing in high-risk groups had a substantial and
sustained impact on efficiency, enabling the tracing and
testing system to tolerate a 2.5-fold increase in daily case
number before the percentage with confirmation delay
rose above its previous value (Figure 5). Repeated, com-
prehensive mass screening could identify more cases,
www.thelancet.com Vol 20 Month March, 2022
including asymptomatic cases, but the cost and work-
load would be higher.

Hence, our results highlight the importance of the
following actions to effectively control an outbreak:
i) Monitoring confirmation delay. A high proportion
with confirmation delay indicates low efficiency of
testing and tracing. The efficiency of testing and
tracing system can be weakened during outbreak
growth and the following intervention is recom-
mended to improve it, hence avoiding severe confir-
mation delay.

ii) Testing at-risk people. Testing at-risk people (i.e.
people who have a higher probability of contact
with an infection source) regardless of their symp-
toms reduces the delay of confirmation. Successful
at-risk group testing requires the assessment of
risks among different people in advance. Risk
groups can be defined based on contact rates (e.g.
certain occupational groups have more contacts) or
contact location (e.g. people who live in the same
building or community as infection sources).

iii) Evaluating performance. Severe confirmation delay
occurs when the testing and tracing system reaches
its capacity threshold (measured in case number). A
higher capacity represents a better performance
because the system can maintain its efficiency
against a higher case number. For example, in
Hong Kong, it appeared that when the outbreak
was growing, the percentage with confirmation
delay increased above 85%, indicating severe delay.
Note that this critical percentage can be determined
using a more stringent or relaxed criterion. After at-
risk people were tested, the capacity threshold for
avoiding severe delay improved from about 50 to
125 cases. Assessment of the capacity threshold is
important for knowing whether an outbreak can be
managed effectively without having such severe
delay.

The proportion of transmission occurring prior to
symptoms is an important factor to determine the
potential for NPIs to stop the disease spread. If the level
of presymptomatic transmission is high, conventional
isolation and contact tracing approaches may still not
control the spread easily.29 The occurrence of confirma-
tion delay makes the task even harder. Therefore, put-
ting appropriate resources on high-risk groups to early
identify cases helps to control the outbreak. Implement-
ing targeted testing can prevent these delays resulted
from conventional contact tracing and testing. How to
identify which groups having a high risk becomes a crit-
ical step.

We have evaluated the effects of some possible con-
founders in Hong Kong. Potentially, daily number of
test conducted is likely to be a confounding factor.
9
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However, model comparison shows that after incorpo-
rating this number, effects of case number and targeted
testing are still very similar. It is likely because in Hong
Kong, number of tests conducted each day quickly
reached their capacity. If the number is restricted, then
the conditions for confounding to occur is not present.
Furthermore, risk perception or being worried is likely
not related to confirmation delay. Possibly people in
Hong Kong were already very cautious since the early
spread of COVID-19.30 It appears that the delay was
mainly due to overload in testing and tracing.

The average duration of confirmation delay mirrored
the changes in occurrence of delay until the end of the
plateau, after which the average duration of delay
increased, while the proportion without delay (‘negative
delay’) continued to decrease (Figure 3A,B). This appar-
ent paradox is clearly due to the appearance of a popula-
tion of cases with longer delays (> 4 days). At that
stage, the public testing service was not able to deal
with the demand created by targeted testing, and private
service providers were engaged to help.11 Perhaps
resources for timely testing were concentrated on con-
tract-traced individuals who had not yet developed
symptoms, while the delay for others increased because
of the workload.

Two messages emerge. First, in addition to the frac-
tion without an epi-link and the proportion with confir-
mation delay, average duration of delay is another
useful indicator of efficiency, as long as the strategy for
testing is consistent. Second, this provides evidence for
the paramount importance of preparedness, with plans
for the rapid mobilization and allocation of additional
resources when needed. Maintaining sufficiency testing
capacity is important. During this outbreak, the rate of
total tests conducted (including targeted testing) is
about 2.3 per thousand people (Figure S7), which are
similar as the United Kingdom and the United States
during summer,31 even though the case number was
much lower than these countries.

Quantifying the risk (e.g. number of infections in a
given period of time) of different types of transmission
cluster can help to inform exit strategies.32 Our results
imply that the risk associated with any cluster depends on
not only the number of contacts made within the cluster,
but also the ease and speed of tracing of close contacts.

Longer delays in confirmation should result in more
secondary cases and higher transmission.1,2,5 This leads
to an expectation that clusters with more delay should
be larger, but a previous study6 found no obvious rela-
tionship between the confirmation delay and the size of
clusters in the much smaller ‘second wave’ outbreak
Hong Kong. Variation in timing, duration and shape of
the clusters in the third wave (Figure 3A) made it diffi-
cult to infer a simple correlation between average confir-
mation delay and total case number across the lifetime
of the clusters. In any case, severe delay is likely not
only to increase transmission but also to reduce the
probability of cases being traced. Many subsequent
infections probably ’escaped’ from their cluster and
became sporadic cases, eroding any correlation between
delay and observed cluster size.

Without extensive case-investigation, contact tracing,
and quarantine, some countries rely on other NPIs such
as social-distancing (including city lockdowns, gather-
ing ban, mask-wearing, etc) and precautionary meas-
ures (such as reducing face-to-face schooling, screening
visitors at borders, etc) to control or prevent outbreaks.
Observational data were sufficient to assess the impact
of targeted testing on contact tracing, because of its sub-
stantial effect on preventing delays in confirmation. By
comparison, epidemiological modelling is needed to
estimate the impact of social distancing measures on
infection rate and reproduction number. In the follow-
ing paper12 we incorporate the changing efficiency of
tracing and testing into a model, which allows the con-
tributions of all the NPIs to be individually estimated.

One of the study limitations is that the lack of infor-
mation on the exact cause of different delays, such as
sample collection, waiting time for PCR testing, and
time to trace close contacts. Knowing which factors con-
tribute most to test and trace bottlenecks is important in
order to reduce the delay. Whether there are issues of
compliance with testing policies (e.g. people do not go
to test even if they belong to high risk groups) is still
unknown, which can be studied in the future. It is
worth noting that from the data, we did not observe a
minimum capacity, above which, delays began to
worsen. One possible reason is that after the first index
case was identified, the number of reported cases
increased rapidly, overloading the capacity immediately.
Therefore, delays only continued to worsen. In addition,
how to determine an optimal allocation of testing
resources between traditional contact tracing and tar-
geted testing of at-risk people to increase the efficiency
remains to be studied. Having more detailed data about
the quarantine exempted persons can improve importa-
tion risk assessment in the future. Overall, an improved
understanding about the relationship between confir-
mation delay and case number can provide a more accu-
rate description of the infection dynamics.
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